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Introduction
Supramolecular chemistry provides molecular assembly with a complicated structure, which traditional organic chemistry cannot achieve, and which exerts a function that a single molecule does not possess. 1 The driving force for obtaining supramolecular architecture is non-covalent bonding soft interactions such as van der Waals, π-π, dipole-dipole and hydrogen-bonding interactions. 2 Molecular assemblies such as catenane and rotaxane, which are typical examples of supramolecular architectures, are used as essential units to realize "molecular nanomachines". 3 Molecular nanomachines are distributed universally in biological organisms; for example, adenosine triphosphate (ATP) synthases achieve a highly efficient energy conversion by using molecular rotation. 4 The conversion efficiency approaches nearly 100%, far exceeding the value of existing devices such as fuel cells. Based on this fact, molecular nanomachines composed of artificial organic molecules are expected to exhibit functions that simple organic molecules do not achieve. Crown ether is known as a typical example of a building block for supramolecular architectures. Crown ether has a cyclic structure in which a negative charge induced by polar oxygen atoms is gathered and captures cations that have corresponding sizes. 5 The function of crown ether has provided intriguing molecular nanomachines such as a molecular shuttle, molecular elevator and molecular tweezer. 6 Crown ether is one of the most important molecules in supramolecular chemistry. Previously, we reported on a solid-state molecular rotator constructed by a DB [18] crown-6 (DB = dibenzo) and m-FAni
molecule form a supramolecular cation through hydrogen bonds between an ammonium group and oxygen atoms. 7 The supramolecular cation forms a two-dimensional (2d) layer through CH-π interactions between the DB[18]crown-6 molecules, decreasing the steric hindrance around the m-FAni + cation by ejecting the counter anions out of the layer. As a result, the m-FAni + cation could rotate around its C-N bond in the solid state. As the dipole moment induced by the F atom could follow an external electric field, the polarization of the crystal caused by the inversion of the dipole moment expresses ferroelectricity. The driving force for constructing the 8 The variation in arrangement in the latter case could be attributed to the absence of a driving force that is sufficient for the control of molecular arrangements. The control of driving forces is essential for constructing assembly structures of supramolecules in the solid state. In this study, we report 1d columnar structures of supramolecules by using tst-DCHĳ18]crown-6 (tst-DCH = trans-syntrans-dicyclohexano), a stereoisomer of csc-DCHĳ18]crown-6.
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The two cyclohexane rings of tst-DC[18]crown-6 were substituted at equatorial positions. As a result, tst-DCHĳ18]crown-6 takes a planar conformation belonging to the C 2h point group, unlike csc-DCHĳ18]crown-6. Moreover, the tst-DCHĳ18]crown-6 has no particular sites for relatively strong intermolecular interactions such as π-π and CH-π interactions like DB[18]crown-6. These characteristics of the tst-DCHĳ18]crown-6 were the key to forming the supramolecular cation columns in the crystals of (Ani
and
− (2). We will describe the structures of 1 and 2, and discuss the 1d columnar structures of the supramolecular cations in terms of the conformation and symmetry of tst-DCH[18]crown-6.
Experimental

General
Elemental analysis was carried out using a J-Science Lab Micro Corder JM10 (for 1) and a Yanaco CHN Corder MT-6 (for 2) at the Instrumental Analysis Division, Equipment
− were prepared according to a literature procedure (Scheme 1). 8, 11, 12 Preparation of (Ani + )Ĳtst-DCHĳ18]crown-6)ĳNiĲdmit) 2 ] − (1) and 
Crystal structure determination
Crystallographic data for single crystals of 1 and 2 were collected by using a Rigaku R-AXIS RAPID diffractometer with MoK α radiation (λ = 0.71075 Å) from a graphite monochromator at 173 K. Structural refinements were carried out using the full-matrix least-squares method on F 2 . The calculations were performed using the Crystal Structure software package and Yadokari-XG. 13 The parameters were refined using anisotropic temperature factors, except for the m-FAni + molecules and hydrogen atoms, which were refined using the riding model with a fixed C−H bond distance of 0.95 Å. The crystallographic data for 1 and 2 at 173 K are summarized in Table S1 . † CCDC 1473486 (1) and 1473487 (2) were included in the calculations of the potential energy curves. Atomic coordinates based on the X-ray crystal structural analysis were used for the calculations. The relative energy of the model structures was obtained by evaluating the rigid rotation of m-FAni + around the C-N bond. Rotations were carried out at every 30°, and the relative energies were calculated using fixed atomic coordinates.
Magnetic susceptibility
The temperature-dependent magnetic susceptibilities of 1 and 2 were measured using a Quantum Design MPMS-XL SQUID magnetometer for the polycrystalline samples. The DC magnetic susceptibility was measured at temperatures from 2 to 300 K in an applied field of 1 T.
Results and discussion
Crystal structure of 1
The crystal system and space group of 1 were triclinic and P1, respectively. In 1, a 1d columnar assembly along the a-axis was constructed by the alternative stack of the Ani + cation and the tst-DCHĳ18]crown-6 molecule. Four [NiĲdmit) 2 ] − anions surrounded the Ani + cation, filling the spaces between the 1d supramolecular cations (Fig. 1b) . Ani + and the tst- (Fig. 1a) . The Ani + cation showed an orientation disorder of the Ani + cation with 180°inversion along the a-axis (Fig. 2) which are the typical N-H⋯O hydrogen bond distances (Fig.  S1 †) .
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The tst-DCHĳ18]crown-6 molecule had a highly planar conformation, where all non-hydrogen atoms were located within 0.579 Å from the mean plane. The conformation showed a keen difference with DB[18]crown-6, in which the farthest non-hydrogen atom of DB[18]crown-6 was located 1.336 Å away from the molecular mean plane. 8 The resulting V-shaped conformation enabled the CH-π interaction between the benzene rings in the (Ani
− crystal to form a 2d layer structure. In the
− crystal, the csc-DHC[18]crown-6 molecule had a distorted conformation because of the axial substitution of the cyclohexane ring. The farthest non-hydrogen atom was located 1.336 Å away from the molecular mean plane. 8 Because of the planarity of tst-DCHĳ18]crown-6, the Ani + cation can form hydrogen bonds from the upper and lower sides of the molecule. The molecular inversion centre of the tst-DCHĳ18]crown-6, which belongs to the C 2h point group, was identical with the inversion centre of the P1 space group of the crystal. As a result, a crystallographically equivalent environment was achieved on both sides of the tst-DCHĳ18]crown-6 molecule. The DB[18]crown-6 molecule, which belongs to the D 2h point group, has a mirror symmetry plane parallel to the molecular plane and an inversion centre. However, the DB[18]crown-6 molecule formed a V-shaped conformation forming intermolecular CH-π interaction in the (Ani
− crystal. Thus, the inversion centre of the C 2 /c space group did not locate in the The planarity of tst-DCHĳ18]crown-6 and its ability for bidirectional hydrogen bonding should be the driving force for the construction of a 1d supramolecular cation column. Since the composition of Ani + : tst-DCHĳ18]crown-6 in 1 was 1 : 1, Ani + was disordered in the crystal with the C-N bond facing in the +a and −a directions. The Ani + and tst-DCHĳ18]crown-6 molecules were stacked alternately to form a 1d supramolecular column along the a-axis. The absence of large intermolecular interactions between the tst-DCHĳ18]crown-6 molecules was also a key to forming a 1d column. Intermolecular interactions such as the CH-π interaction of DB[18]crown-6 could induce a V-shaped conformation, which can be the driving force to forming 2d layers of supramolecular cations.
The tst-DCHĳ18]crown-6 had no particular site for relatively strong interaction with the adjacent crown ether molecules. The bidirectional hydrogen bonding mainly contributed to controlling the arrangement of the supramolecular cations. In addition, the large cyclohexane ring had an important role in stabilizing the columnar structure. The non-substituted [18]crown-6 has the same inversion symmetry and planarity as the tst-DCHĳ18]crown-6. However, [18]crown-6 can take various arrangements in the crystal. Indeed, multiple polymorphs of the (Ani
− crystal have already been reported.
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A relatively large cyclohexane substituent of tst-DCH[18]crown-6 prevented packing arrangements other than a columnar structure.
Crystal structure of 2 A 1d supramolecular cation column was formed in 2 as well as in 1. The crystal system and the space group were triclinic and P1, respectively. The m-FAni + and the tst-DCHĳ18]crown-6
were stacked alternately, forming a [-(m-FAni + )-(tst-DCHĳ18]crown-6)-] n columnar structure (Fig. 3a ). There were three crystallographically independent tst-DCH[18]crown-6 molecules, all of which had planar conformations (Fig. 4 , represented as crowns i, ii and iii). All non-hydrogen atoms of crown ethers i, ii and iii were located within 0.465, 0.647 and 0.681 Å from their molecular mean plane, respectively.
As the m-FAni + cation had an F atom, complicated disorders based on the directions of the ammonium moiety and the F atom were observed. There were four crystallographically independent cation sites in 2 (Fig. 4 , represented as cations 1, 2, 3 and 4). The m-FAni + cations and the tst-DCHĳ18]crown-6 molecules were stacked alternately, forming a supramolecular cation unit of (3-i-1-ii-2-iii-4). In the cation 1 site, that was sandwiched by crowns i and ii, the m-FAni + cation was disordered at three positions (1A, 1B and 1C) with the occupancy factors 1 : 1 : 2. The cations 1A and 1B formed hydrogen bonds with crown i, whereas cation 1C Fig. 2 The supramolecular cation in 1. formed hydrogen bonds with crown ii. As a result, cation 1C was oriented at an angle of 180°with respect to 1A and 1B in the columnar direction. Moreover, the F atom of cations 1A and 1B was oriented at an angle of 180°with respect to the rotation around the C-N bond. At the cation 2 site, sandwiched by crowns i, ii and iii, the m-FAni + cation was disordered between two positions (2A and 2B) with the occupancy factor 1 : 1. The ammonium moiety of 2A and 2B formed hydrogen bonds with crowns ii and iii, respectively. Cation 3 and 4 were located on the inversion centres and were disordered with respect to the inversion with the occupancy factor of 50%. Thus, the 1d column is represented as 
Magnetic properties
In both 1 and 2, the [NiĲdmit) 2 ] − anions had side-by-side contacts, forming 2d layers perpendicular to the supramolecular columnar direction (Fig. 1b and 3b ). In 1, the S-S distance represented as d 1 (3.4322(7) Å) was shorter than the sum of the van der Waals radii (3.7 Å). The transfer integral between the lowest unoccupied molecular orbitals ( (Fig. S4 †) .
Conclusions
In this study, we synthesized (Ani , tst-DCH = trans-syn-trans-dicyclohexano) and examined the supramolecular structure induced by the planar tst-DCH[18]crown-6 molecule. The tst-DCH[18]crown-6 molecule had a highly planar conformation in the crystals. The tst-DCH[18]crown-6 drove the columnar arrangements with the arylammonium cations, because of the bidirectional hydrogen bonding ability of tst-DCH[18]crown-6. Further investigation is in progress on the proton transfer through the crown ether using the hydrogen bonding ability of tst-DCH[18]crown-6 to amine and ammonium groups from both the upper and lower sides of the molecular plane. The proton transfer may cause ferroelectricity as in the cases of croconic acid, phenazine/chloranil and diazabicyclo [2] octane. [17] [18] [19] 
